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Tomato planta macho viroidViroids are small, covalently closed, circular non-coding RNA pathogens of ﬂowering plants. It is pro-
posed that the symptoms of viroid pathogenesis result from a direct interaction between the viroid ge-
nomic RNA and unknown host plant factors. Using a comparative genomic approach we took advantage
of the detailed annotation of the Arabidopsis thaliana (Arabidopsis) genome to identify sequence homol-
ogies between putative viroid-derived small RNAs (vd-sRNAs) and coding regions in the plant genome.
A pool of sequence homologies among 29 species of the Pospiviroidae family and the Arabidopsis ge-
nome was analyzed. Using this strategy we identiﬁed putative host gene targets that may be involved
in symptom expression in viroid-infected plants. In this communication, we report the in silico predic-
tion and the experimental validation of pospiviroid-derived sRNAs conserved in the lower strand of the
pathogenicity domain of seven viroid species infecting tomato; those vd-sRNAs targeted for cleavage
the host mRNA encoding a conserved tomato WD40-repeat protein (SolWD40-repeat; SGN_U563134).
Analysis of SolWD40-repeat expression indicated that this gene is down-regulated in tomato plants in-
fected with tomato planta macho viroid (TPMVd). Furthermore, 5′ RLM-RACE revealed that the
SolWD40-repeatmRNA is cleaved at the predicted target site showing complementarity to a correspond-
ing TPMVd-sRNA identiﬁed in silico. Our approach proved to be useful for the identiﬁcation of natural
host genes containing sequence homologies with segments of the Pospiviroidae genome. Using this
strategy we identiﬁed a functionally conserved gene in Arabidopsis and tomato, whose expression
was modiﬁed during viroid infection in the host genome; regulation of this gene expression could be
guided by vd-sRNA:mRNA complementarity, suggesting that the comparison of the Arabidopsis genome
to viroid sequences could lead to the identiﬁcation of unexpected interactions between viroid RNAs and
their host.
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Viroids are plant-restricted parasites that represent a remarkable
model system to analyze many aspects of host–pathogen interactions
at the genomic level (Ding and Itaya, 2007; Flores et al., 2005; Navarro
et al., 2012a; Tabler and Tsagris, 2004). As the smallest known agents
of infectious disease (246–401 nucleotides, nt), viroids are character-
ized by a highly structured, single-stranded (ss), closed circular,
unencapsidated non-coding RNA genome (Flores et al., 2003;
Semancik, 2003). Despite their lack ofmRNApolypeptide-coding capac-
ity, they are still able to replicate autonomously in natural hosts using
host enzymes, causing diseases in several susceptible plant species
(Diener, 1987). Systemic viroid infection is commonly associated with
the expression of severe symptoms, including stunting, leaf epinasty,
leaf distortion, veinal chlorosis, reduction ofﬂower size,ﬂower abortion,
and reduced size and number of fruits (Ding, 2009; Flores et al., 2005;
Hadidi et al., 2003). How these parasites –with aminimal genome lack-
ing coding capacity – cause changes that result in drastic alterations in
plant development remains one of the most intriguing questions in vi-
roid research.
Based on comparative analyses of the primary and highly conserved
secondary structures, the International Committee on Taxonomy of Vi-
ruses classiﬁcation scheme for viroids released in 2013 (http://
ictvonline.org/virusTaxonomy.asp) has classiﬁed thirty-two viroid spe-
cies into two families (reviewed by Di Serio et al., 2014). These families
have signiﬁcant differences in their predicted structures, replication
mechanisms, and location of subcellullar accumulation. Members of
the family Avsunviroidae possess hammerhead ribozyme activity and
replicate via double-strandedRNA(dsRNA) intermediates in the chloro-
plast (Delgado et al., 2005; Navarro et al., 2000), while members of the
family Pospiviroidae (most viroids) replicate via dsRNA intermediates in
the nucleus and adopt a quasi-rod like secondary structure inwhichﬁve
structural domains can be distinguished (Branch and Robertson, 1984;
Keese and Symons, 1985). These domains are the central conserved re-
gion (CCR), which contains conserved sites among species from the
same genus and is associated with viroid replication; the terminal left
and right domains (TL, TR) related to duplication and movement of
the viroid; the variable domain (V) that is the most different among vi-
roid species from the same genus; and the pathogenicity domain
(P) containing structural elements that contribute substantially to the
regulation of symptom expression (Hammond and Owens, 1987;
Henco et al., 1979; Owens et al., 1996; Visvader and Symons, 1985).
Functional analysis of the role of speciﬁc RNA sequences and structural
motifs residing in the viroid genome has revealed speciﬁc elements,
such as the virulence modulating region (VMR), RY motifs (structural
elements located near the TRwhich are involved in host protein binding
for systemic viroid movement) (Gozmanova et al., 2003; Maniataki
et al., 2003), temporally metastable structures known as Hairpin I and
Hairpin II, and the E-Loop motif involved in viroid processing during
replication (Baumstark et al., 1997; Eiras et al., 2007); for a recent de-
tailed review see Flores et al. (2012).
It has been proposed that the mechanism of viroid pathogenesis is
mediated directly by the viroid genome itself, or by viroid genome-
derived ss- or dsRNAs, and that expression of symptoms as a result of
systemic infection may be an outcome of direct interactions of viroid-
derived RNAs with unknown host factors (protein or nucleic acid), ei-
ther in the organelle where the viroid replicates or in the cytoplasm
where they accumulate during its movement (Flores et al., 2005).
Three general pathways account for this mechanism: mature viroid
RNA–host factor interactions (via induction or activation of proteins;
mainly pathogenesis-related protein kinases), or blocked protein func-
tions; hormone-mediated responses (altered plant endogenous
miRNA and siRNA pathways); and viroid dsRNAs processed by speciﬁc
Dicer-like (DCL) enzymes into small RNAs which guide the RNA-
induced silencing complex (RISC) (host mRNA cleavage/host DNA
methylation and transcriptional silencing); all of these inﬂuencinghost gene expression (for reviews see Gómez et al., 2009; Hammann
and Steger, 2012; Sano et al., 2010).
An increasing body of evidencehas revealed that RNA-mediated gene
regulation, primarily via viroid-induced RNA silencing,might play an im-
portant role in disease development. As may be expected from their
highly base-paired structures and the presence of dsRNA replication in-
termediates, viroid genomes can be processed by the DCL enzymes and
loaded into the RISC by Argonaute (AGO) proteins (Minola et al.,
2014). Structurally similar to endogenous small RNAs in plants, viroid-
derived small RNAs (vd-sRNAs) range from 21–24 nt in length. These
small RNAs have been detected, and in some instances characterized,
in infected tissues from the following viroid–host combinations of both
viroid families: Pospiviroidae: genus Pospiviroid: potato spindle tuber vi-
roid (PSTVd)-tomato (Solanum lycopersicum, susceptible and tolerant
cultivars), PSTVd-Nicotiana benthamiana, PSTVd-Arabidopsis thaliana,
PSTVd-Phelipanche ramosa, citrus exocortis viroid (CEVd)-tomato,
CEVd-N. benthamiana; genus Hostuviroid : hop stunt viroid (HSVd)-
grapevine and HSVd-cucumber; genus Apscaviroid: grapevine yellow
speckle viroid (GYSVd)1-grapevine; genus Cocadviroid: hop latent viroid
(HLVd)-hops;mixtures: HLVd+apple fruit crinkle viroid (AFCVd)-hops,
HLVd + HSVd-hops (Diermann et al., 2010; Itaya et al., 2007; Ivanova
et al., 2014; Machida et al., 2007; Markarian et al., 2010; Martin et al.,
2007; Matousek et al., 2007; Navarro et al., 2009; Owens et al., 2012;
Papaefthimiou et al., 2001; Wang et al., 2011), and Avsunviroidae:
genus Avsunviroid: avocado sunblotch viroid (ABSVd)-avocado, and
genus Pelamoviroid: peach latent mosaic viroid (PLMVd)-peach, and
chrysanthemum chlorotic mottle viroid (CChMVd)-chrysanthemum
(Di Serio et al., 2009; Martínez de Alba et al., 2002; Navarro et al.,
2012b; St-Pierre et al., 2009).
The two major classes of plant sRNAs are miRNAs (21–22 nt) and
siRNAs (21–22 and 24 nt), which act by triggering an ampliﬁcation cas-
cade mediated by host RNA-dependent RNA polymerases (RDRs) and
DCLs resulting in the generation of secondary 21-nt siRNAs that pro-
mote RNA silencing in a non-cell autonomous systemic manner
(Voinnet, 2008). This system has been widely implicated as an antiviral
defense in plants and animals, providing protection to plants from
invasion by exogenous RNA replicons such as viruses and viroids
(Akbergenov et al., 2006; Baulcombe, 2004; Darós et al., 2006; Ding,
2010; Fusaro et al., 2006; Garcia-Ruiz et al., 2010; Vance and Vaucheret,
2001). If this mechanism of gene regulation is also involved in viroid
pathogenicity (the hypothesis that vd-sRNAs are involved in symptom
expression in infected plants), vd-sRNAs would be complementary to
host mRNAs and promote cleavage or repression of the target genes.
In the post-genomic era, different strategies have been developed to
identify potential host gene targets of pathogenic organisms. Compara-
tive genomic approaches allow the systematic classiﬁcation of gene reg-
ulatory regions and the identiﬁcation of small RNAs; however a major
challenge is the identiﬁcation of host gene sequences that are potential
targets of speciﬁc sRNAs.
Previous bioinformatic approaches have compared viroid genomes
to the genome of tomato or A. thaliana (Diermann et al., 2010) yielding
many sequences representing potential vd-sRNAs and their targets;
however, these studies were not validated at the molecular level, and
no evidence for speciﬁc functional interactions leading to the regulation
of plant gene expression has been reported. An initial search for poten-
tial vd-sRNAs and their gene targets in transgenic tomato lines express-
ing a non-infectious PSTVd hairpin RNA yielded several 19–20 nt
sequences corresponding to the A–G rich PSTVd VMR (nucleotides
45–68) and to identical sequences present in the genome of several
plant species (Wang et al., 2004). These results suggested the possibility
that vd-sRNAs derived from the VMR of the P domain of PSTVd could si-
lence host regulatory genes involved in previously unknown pathways
(Hammondand Zhao, 2000;Wang et al., 2004). Similar comparative ap-
proacheswere used to search the grapevine genome for possible targets
of sequenced vd-sRNAs and, although only one 21 nt sequence that
completely matched the HSVd species genome was identiﬁed, several
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functional characterization remains to be elucidated (Navarro et al.,
2009). In the case of PLMVd infection of peach (Prunus sp.), a combina-
tion of deep sequencing and semi-quantitative RT-PCR results revealed
that the presence of speciﬁc vd-sRNAs can affect host gene expression
through post-transcriptional repression guided by sRNA:mRNA com-
plementarities (Navarro et al., 2012b).
While A. thaliana is not a natural viroid host, the highly characterized
and well-annotated genome offers signiﬁcant opportunities to serve as
a platform for large-scale sequence comparisons as aﬁrst step to extrap-
olate predictive ﬁndings to possible functional interactions in host ge-
nomes. At the time this project was initiated, the genome sequence of
tomato was not yet completed. Therefore, we compared the viroid ge-
nome of 29 current and proposed members of the Pospiviroidae with
the genome of A. thaliana as the initial step to identify candidate vd-
sRNAs and their potential target sites in complementary genes con-
served in the Solanaceae. We identiﬁed 81 predicted 19–21 nt viroid-
like conserved sequences in the Arabidopsis genome. To obtain experi-
mental evidence validating the in silico target predictions identiﬁed in
Arabidopsis, we selected a gene homolog of one of the predicted targets,
At3g21540 in tomato that encodes a WD40 repeat protein (SolWD40-
Repeat; SGN_U563134; http://solgenomics.net/) containing a target se-
quence corresponding to a predicted family of highly conserved vd-
sRNAs (Supplementary Table S3).
To validate the proposed gene target site, we studied the interaction
of tomato planta macho viroid (TPMVd; Accession No. K00817) with its
tomato host. TPMVd was selected among the seven species capable of
replicating in tomato because it exhibits the strongest symptoms in
the susceptible ‘Rutgers’ cultivar. Tomato plants infected with TPMVd
are severely stunted and show strong epinasty of leaves and leaﬂets
(Galindo et al., 1982). TPMVd is a member of the family Pospiviroidae
and is closely related phylogenetically to tomato apical stunt viroid
(TASVd), Mexican papita viroid (MPVd), tomato chlorotic dwarf viroid
(TCDVd), CEVd, and PSTVd, the causative agent of spindle tuber disease
of potato (Diener, 1987; Di Serio et al., 2014; Galindo et al., 1982; Kiefer
et al., 1983).
In our study, we identiﬁed several Arabidopsis genes as potential
targets of pospiviroid sRNAs. Transcripts of the tomato SolWD40-Repeat
gene, a homolog of one of the predicted Arabidopsis targets, were
down-regulated in TPMVd-infected tomato plants. The down-
regulation correlated with preferential cleavage of its mRNA at the vd-
sRNA predicted target site. Overall, these results show that TPMVd in-
fection of tomato results in speciﬁc changes in gene expression guided
by a predicted, highly conserved, pospiviroid-derived vd-sRNA. There-
fore, a comparison of the A. thaliana genome to reported viroid se-
quences could lead to the identiﬁcation of unexpected interactions
between viroid RNAs and their respective host plant genomes.
2. Material and methods
2.1. Statistical analysis for TAIR10 Blast data validation
A comprehensive in silico analysis was performed using the TAIR
Arabidopsis database (Lamesch et al., 2012; http://www.arabidopsis.
org). The complete genomes of 29 viroids from the Pospiviroidae family
were compared, by performing Blastn algorithm analysis, against genes
(introns, UTRs, DNA), transcribed introns, and intergenic regions of the
A. thaliana genome. For data validation, the following statistical strate-
gies were performed (Supplementary Table S1): a) Viroid genome per-
mutation using the WebLab shufﬂe_dna interface software (http://
weblab.cbi.pku.edu.cn/utility.inputform.do?utility=shufﬂe_dna); four
permutations of each genome were obtained (n = 108) and these rep-
licates were screened against TAIR10.0 Blastn genes (introns, UTRs),
b) alignment of the hits with ClustalW was performed to search for
probable patterns of nucleotide distortion or degeneration, c) viroid do-
mains (TR, P, CCR, V, TL) related to target gene hits were analyzed usingthe CLC Sequence Viewer, edition 6.0 software, and d) the statistical test
of goodness, X2, for functional categorization was performed. Contin-
gency tables, also known as 2 × 2 tables, were designed for two vari-
ables to evaluate the signiﬁcance of the data related to approving or
disproving the null hypothesis. These analyses were carried out using
the R Package Software forMacintosh system andα valueswere obtain-
ed from the table of the chi-square distribution. These analyses were
used to determine the probable association of hits obtained in relation
to all of the genes listed in the GO database as biological processes.2.2. Selection of small RNAs/potential targets
All hits were grouped according to their biological and molecular
function according to the TAIR GO program. Data was sorted and char-
acterized. A total of 619 hits with an average of ~18 nt were analyzed
through restriction parameters, detailed below, in order to select poten-
tial target sequences for biologic-molecular assays (Supplementary
Table S2). Established parameters were hit length ≥ 19 nucleotides,
gene region (exons, introns, UTRs, intergenic regions) as well as the lo-
cation of the hit in the viroid genome (TR, P, CCR, V, TL). All hits with
overrepresentation due to similarity of viroid species sequences (rep-
licas) or with unknown GO descriptions were dismissed. Statistical
values for sequence selection were ≥95% of alignment identity
(allowing only onemismatch) (Supplementary Table S2). To determine
the putative function of the predicted genes, their GO descriptionswere
used for grouping themusing three criteria: cellular component, biolog-
ical process, and molecular function. A biological process-based func-
tional categorization X2 test was performed using the 619 hits to
discard those hits due random homologies. The aim of this analysis
was to determine whether or not functional categorization of hits
were associated with functional categorization in the A. thaliana ge-
nome. For this purpose, the R statistical package was used. A 9 × 2 GO
biological process functional categorization table was created (Supple-
mentary Table S2). The 9 X2 equation yielded values of X sq =
846.165 and a pv b 2.2e−16; these statistical values conﬁrmed that
the Ho: functional categorization relationships between A. thaliana ge-
nome and hits were independent and not a result of a random artifact
of the Blast search (Supplementary Tables S1 and S2).2.3. Search for homologous sequences in tomato genome
A search for homologous host genes of the selected A. thaliana target
sequences in tomato (S. lycopersicum) was made by submitting the
cDNA sequences of theA. thaliana online to Blastn tool (sequence set To-
mato genome cDNA release 2.40) of the SOL genomics network (http://
solgenomics.net/). ClustalW Omega protein sequence alignments were
analyzed for the two homologous genes using the Phytozome database
(http://phytozome.jgi.doe.gov/pz/portal.html).2.4. Plant bioassays
S. lycopersicum cv. Rutgers seed germination was carried out in a
seed germination mixture. After 10 days post-germination, young to-
mato seedlings were transferred into 350 ml pots containing a general
mixture substrate. Two days later, tomato seedlings were mechanically
inoculated at the cotyledon stage (4 biological replicates). Two leaﬂets
were dusted with carborundum and inoculated with dried TPMVd-
infected tomato tissue homogenized in 50 mM KH2PO4, pH 7.0. For
comparison, replicates of mock-inoculated plants were processed at
the same time. Following inoculation, plants were maintained in green-
house conditions under high temperature and long day conditions
(30 °C, 16 light hours and 8 dark hours) to favor viroid replication and
symptom development.
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For viroid detection, viroid-infected and mock-inoculated tomato
plants (four weeks post inoculation, w.p.i) were used for total RNA ex-
traction. Total RNA was extracted from individual freshly collected
young leaf tissue, using the RNeasy Mini kit (Qiagen, Valencia, CA,
USA) according to the manufacturer's instructions. Tissue samples
were dusted with carborundum before extraction, and the concentra-
tions of total RNA were determined by optical density at 260 nm using
a Nanodrop 8000 (Nanodrop, Wilmington, DE, USA). RNA samples
were digested with RQ1-DNase (Promega, Madison, WI, USA) and
were puriﬁed using RNeasy minicolumns (Qiagen) before reverse-
transcription. For gene expression analysis, total RNA was extracted
from leaf and ﬂower tissues of both viroid-infected and mock-
inoculated control plants using a modiﬁed Tri Reagent (Molecular Re-
search Center, Cincinnati, OH, USA)/RNeasy minicolumn (Qiagen) pro-
tocol. Two young inoculated leaves of each biological replicate per
time point were harvested at two, four, and six w.p.i and immediately
processed. Isolated RNA samples were eluted in nuclease free water
and subsequently frozen storage at−20 °C.
2.6. Reverse transcription-polymerase chain reaction (RT-PCR) and
sequencing
Visual symptoms initially used to identify the presence of viroid in-
fection were conﬁrmed by isolation and molecular characterization of
total RNAs using RT-PCR. RT-PCR reactions were performed using the
Titan One tube RT-PCR System (RocheMolecular Biochemicals, Chicago,
IL, USA) according to manufacturer's instructions with the universal
pospiviroid primer pair POSPI F/POSPI R for viroid species of genus
Pospiviroidae (Verhoeven et al., 2004). These universal primers ampli-
ﬁed a fragment of the viroid genome corresponding to a region highly
conserved between these species. RT-PCR products were analyzed by
electrophoresis through a 1% TBE agarose gel followed by staining
with the SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA, USA) and vi-
sualized on an UV-transilluminator. The Hyperladder II marker (Bioline
USA Inc., Taunton, MA, USA) was used to estimate PCR product sizes.
Each RT-PCR analysis was performed on independently prepared RNA
extracts from four individual plants. Once ampliﬁed, DNA fragments
were cloned into the vector pCR™ 4-TOPO® (Invitrogen) and three re-
combinant clones were puriﬁed from the bacterial colonies for subse-
quent nucleotide sequencing.
2.7. Gene expression analysis
2.7.1. cDNA synthesis
First-strand cDNA was synthesized using an oligo (dT) primer from
2 μg total RNA and the Advantage RT for PCR cDNA synthesis kit accord-
ing to themanufacturer's directions (Clontech Laboratories, Inc., Moun-
tain View, CA, USA). The cDNA reaction was diluted to 100 μl with
nuclease-free sterile water.
2.7.2. Quantitative RT-PCR (qRT-PCR)
Gene expression proﬁles were analyzed by qRT-PCR with gene-
speciﬁc primers designed using the Primer3 online software. The ampli-
ﬁcation reactions were performed using Brilliant® SYBR® Green qRT-
PCR Master Mix Green qPCR Master Mix on the Mx3000P Real-Time
System (Stratagene, La Jolla, CA, USA). Each qPCR reaction contained
10 μl of 2× Brilliant® SYBR® Green qPCRMaster Mix, 1 μl of the diluted
cDNA, and 2.5 pM of each gene-speciﬁc primer. The SolWD-40 Repeat
gene (SGN_U563134) was ampliﬁed using WD-Repeat F (5′-ATTTCG
GGGACTGTCACAAG-3′) and WD-Repeat R (5′- CGGTTGCTCATAGCAA
GACA-3′) primers, the S. lycopersicum EF-1 elongation factor gene (EF-
1; Accession No. X14449) gene was ampliﬁed with EF1-F (5′-GATTGG
TGGTATTGGAACTGTC-3′) and EF1-R (5′-GCTTCGTGGTGCATCTC-3′)
primers, and the actin gene (Actin 1, Accession No. EU938079) genewas ampliﬁed with primers Actin 1F (5′-GTGGCGGTTCGACTATGTTT-
3′) and Actin 1R (5′-ATTCTGCCTTTGCAATCCAC-3′). Thermal cycling
conditions used for the qRT-PCR reactions were: 95 °C for 10 min,
followed by 40 cycles of 95 °C, 30 s, 55 °C, for 1 min, and 72 °C for
30 s. Speciﬁcity of the ampliﬁcations was conﬁrmed by the single
peak of dissociation curves of the PCR products.
2.7.3. Analysis of qRT-PCR data
Relative quantitation of the target gene transcripts was carried out
using the ΔΔCt method. Gene expression fold changes were relative to
healthy controls and relative transcript expression levels of each target
were normalized with respect to the EF-1 or actin gene as the internal
reference. Experiments were technically repeated three times, and
three independent biological samples were used for each repeat exper-
iment (n= 9). Data were analyzed using the MxPro software (Strata-
gene). Speciﬁcity of the ampliﬁcations was conﬁrmed by the single-
peak melting curves of the PCR products. Data were processed in
Microsoft Excel and evaluated using the R package (Maechler et al.,
2013).
2.8. Target validation using RNA-ligase-mediated rapid ampliﬁcation of
cDNA ends (5′-RLM-RACE)
To examine the sequence of the predicted target cleavage site in the
SolWD-40 gene, 1 μg of RQ1 DNase-treated total RNA isolated from
healthy and TPMVd-infected Rutgers tomato (6 wks post-inoculation)
was used to prepare a cDNA template using the First Choice RLM-
RACE kit (Ambion, USA). Brieﬂy, 1 μl of 5′ RACE RNA Adaptor (5′-
GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA-3′;
0.3 μg/μl) was ligated for 6 h at 20 °C to the RNA in a volume of 10 μl as
recommended by the manufacturer. Reverse transcription to prepare
cDNAwas performed usingMMLV, and an outside gene speciﬁc primer
(GSP) WDR (5′-TGTAGCAATTGCTAGTTAGGGCTA-3′) whose 5′ end
maps 255 nt downstream of the predicted cleavage site. The ﬁrst and
second PCRs were performed AmpliTaq DNA polymerase (ABI) and
PCR conditions of 94 °C 3 min, 35 cycles of 94 °C 30 s, 60 °C 30 s, 72 °C
30 s, 72 °C 7 min, and a 5′RACE outer primer (5′-GCTGATGGCGATGA
ATGAACACTG-3′) and WDR for the ﬁrst PCR; the second PCR was per-
formed using an aliquot of the ﬁrst PCR reaction, a 5′ RACE inner primer
(5′-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3′) and WDR
nested GSP (5′-CATACTTGCTGAAGTTGTATAACCAAAATT-3′) whose 5′
end maps 113 nt downstream of the predicted cleavage site, using the
same ampliﬁcation conditions. After ampliﬁcation, the nested 5′ RACE
PCR products were gel puriﬁed from a 1.5% TBE agarose gel, cloned
into the pCR4-TOPO vector (Invitrogen), and 15 independent clones
were randomly chosen and sequenced. The experiment was performed
twice. To verify the sequence of the predicted target region of the
SolWD40-Repeat gene, the region was ampliﬁed from 1 μg total tomato
healthy leaf RNA using primer pair WDtargetF (5′-CCCGTCTAAGCGAC
AGTCTTGC-3′) and WDtargetR (5′-CCAGAGGAAACACTAACAAGTG-3′)
and the Titan One Tube RT-PCR System (Roche Biochemicals) as previ-
ously described. The amplicon was gel puriﬁed, cloned into the pCR4-
TOPO vector, and sequenced.
3. Results and discussion
3.1. In silico identiﬁcation of vd-sRNAs in Arabidopsis and their predicted
targets
We performed a comprehensive search for sequence homologies
among 29 viroid genomes belonging to the family Pospiviroidae and
the Arabidopsis genome. Although Arabidopsis is not a natural host
for viroids, the replication of PSTVd in leaf protoplasts results in the ac-
cumulation of ~21 nt PSTVd-speciﬁc sRNAs, indicating that Arabidopsis
cells have the molecular machinery both for viroid replication and bio-
genesis of vd-sRNAs (Daròs and Flores, 2004; Itaya et al., 2007).
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quences (based on structure and function) that may be regulated by
viroid-speciﬁc small sequence motifs. A total of 619 sequence hits be-
tween the viroid genomes and the Arabidopsis genomewere identiﬁed
and analyzed, revealing potential target binding sites having 19–21nt in
length (Fig. 1). A genome permutation analysis revealed that no more
than 25% of all 619 predicted sequences could be preferentially located
in A-rich sequences of the P domain, indicating that the non-random se-
quence distribution of our candidates could not result from
bioinformatics artifacts related to viroid nucleotide composition
(Supplementary Table S1). We screened for sequences with a
length ≥ 19 nt as the minimal sequence identity length required be-
tween the siRNA and the cognate target RNA for siRNA-directed degra-
dation (Vanitharani et al., 2003; Zamore, 2001a), with a single
mismatch allowed at any given position (Mallory et al., 2004).
Of the 81 identiﬁed sequence homologies, 36 identiﬁed in the tran-
scriptional orientation (44.4%) were in the upper strand (nt. 45–75) of
a corresponding viroid P domain, and 18 (22.2%) and 12 (14.8%) in
the upper strand of the viroid TR or V domains, respectively; 45 se-
quences were in the anti-sense orientation with respect to the corre-
sponding Arabidopsis transcribed sequence, with the majority
(48.88%) in the upper strand (between nt. 40–60) of the P domain
(20%), in the upper and lower strand of the V domain, and others
(17.77%) in the upper strand of the TR domain. Candidate vd-sRNAs
were present in members of all ﬁve genera of the Pospiviroidae (Fig. 1;
Fig. S1). The majority of hits (43 of 81 genes; 53%) were located in cod-
ing sequences, 15 (18.5%) were in introns, 14 (17.3%) within a 5′ un-
translated region (UTRs), 5 (6.2%) in exon–intron boundaries, and 4
(5%) in the 3′ UTR (Supplementary Table S3).
As a result, 45 gene sequences matching vd-sRNA candidates were
identiﬁed, all corresponding to at least one Arabidopsis potential target
site (Fig. 1). This collection included genes involved in several DNA,
RNA, protein, or receptor binding functions, enzyme activities, including
transferase, hydrolase or kinase activities, and transcription factor activ-
ities, among others (Supplementary Tables S2 and S3).
Although sRNAs have been reported to be derived from several ge-
nomic regions of PSTVd, our predicted vd-sRNA sequences are most*Described in Table S3
29 viroid species
A. thaliana 
81 gene
homologies with viroid genomes
Apscaviroid Cocadviroid Pospiviroid
25 mRNA: vd-sRNA
candidate duplexes
2 mRNA: vd-sRNA
candidate duplexes
7 mRNA: vd-sRNA
candidate duplexes
22 targets 2 targets 4 targets
1 target  
37 genes 3 genes 20 genes
SolWD40-
Repeat gene: 
SGN_U563134 
Fig. 1. Identiﬁcation of candidate pospiviroid vd-sRNAs and their potential targets in tomato. Flo
vd-sRNAs to the selection of a tomato gene candidate proposed to be regulated by a vd-sRNA.similar to those found in PSTVd-infected plants of the parasitic weed
P. ramosa (Ivanova et al., 2014) and vd-sRNAs derived from grapevine
plants infected with HSVd (Navarro et al., 2009), as the majority of the
predicted vd-sRNAs were derived from the P domain. The large diversi-
ty of vd-sRNAs reported in natural hosts such as S. lycopersicum,
N. benthamiana, C. sativus, H. lupus, Vitis vinifera, and P. ramosa suggests
that they could be relatednot only to thenature of thepathogenic agent,
but also to their generation at different viroid infection stages and acces-
sibility to the RNA silencing machinery (Machida et al., 2007). Current
reports indicate that vd-sRNAs are not randomly distributed over the vi-
roid genome but are derived from speciﬁc regions. Despite close phylo-
genetic relationships and structural similarities, vd-sRNAs derived from
different nuclear viroid species do not appear to completely overlap.
Our predictions are consistent with previous reports showing that
sRNAs derived from the upper strand of the P domain accumulate in
two different tomato cultivars (Diermann et al., 2010; Wang et al.,
2011), and with studies that reported transcribed regions are preferen-
tially located in terminal regions that fold into secondary structures to
generate sRNAs from speciﬁc viroid domains within the upper strand
of the TR domain (Ivanova et al., 2014; Machida et al., 2007; Martin
et al., 2007).
The biogenesis of vd-sRNAs in natural hosts suggests that viroid ge-
nomic RNA itself might be a substrate for DICER-like enzymes in vivo
which target residues in different pathways, but other mechanisms of
biogenesis may also be important. The process by which vd-sRNAs are
generated may involve the activities of multiple DCLs, different viroid
RNA substrates and subcellular localization (Hamman and Steger,
2012; Navarro et al., 2012a). Some molecular and biochemical studies
suggest that vd-sRNAs are derived primarily from the secondary struc-
ture of plus-strand viroid RNAs (Machida et al., 2007; Martin et al.,
2007). These results are inconsistent with those of Navarro et al.
(2009), who showed that (−) vd-sRNAs largely dominate the vd-
sRNA populations of HSVd and GYSVd1 in infected grapevine, strongly
supporting the proposal that a more complex mechanism is involved
in vd-sRNA biogenesis. The number of vd-RNA hotspots identiﬁed in
different viroid–host combinations suggests that the regions of the vi-
roid genome that could be potentially targeted by DCLs, and theAll Pospiviroidae members
TAIR 10.0 annotation 
Sequences with at least length ≥  19 
nt matching the Arabidopsis genome
(allowing 1 mismatch) E value of 7.1
maximum 
Distribution of 81 hits among the 
Pospiviroidae
Putative vd-sRNAs*
Targets corresponding to genes with
functional annotation in Gene 
Ontology
Arabidopsis gene homolog in tomato
Coleviroid Hostuviroid
11 mRNA: vd-sRNA
candidate duplexes
no mRNA: vd-
sRNA candidate
duplexes
9 targets
19 genes 2 genes
w chart illustrating the selection parameters used fromprimary determination of putative
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RNA. The hotspots of different viroid species-derived sRNAs do not
map to the same viroid structural domains. However it is intriguing
that for each viroid species, vd-sRNAs of different size classes map to
the same regions, indicating similar processing in the RNA-mediated
gene regulation complex.
3.2. Predicted target convergence between Arabidopsis and tomato
genomes
From the 45 Arabidopsis gene sequences matching a candidate vd-
sRNA, 25 corresponded to the Apscaviroid genus; 2 corresponded to
the Cocadviroid genus; 7 corresponded to the Pospiviroid genus; 11
corresponded to the Coleviroid genus; and none corresponded to the
Hostuviroid genus (Fig. 1). These candidate vd-sRNAs and their predict-
ed targets in Arabidopsis are shown in Supplementary Table S3. To iden-
tify potential tomato genes that could be targeted by in silico predicted
vd-sRNAs, we analyzed and compared the putative vd-sRNAs identiﬁed
as targeting genes of Arabidopsis to thepublic released version of the to-
mato genome (http://solgenomics.net/), identifying potential target
sites by assessing the free energy of potential RNA:RNA duplexes
using the RNAhybrid program (Rehmsmeir et al., 2004). Interestingly,
this analysis resulted in the identiﬁcation of a family of highly conserved
vd-sRNA candidates derived from the seven species capable of infecting
tomato (Supplementary Table S3), and all having predicted target sites
corresponding to transcribed sequences of a gene encoding a WD40-
repeat protein in tomato (SGN_U563134, that we have named
SolWD40-Repeat). WD40-repeat proteins in plants have been implicat-
ed in a variety of functions ranging from signal transduction and tran-
scription regulation to cell cycle control, histone modiﬁcations,
tolerance to abiotic stress, plant growth and pollen viability (Kong
et al., 2014; Kumar et al., 2013; Mascheretti et al., 2013), but also in
RNA methylation, mRNA export from the nucleus, and protein import
into nucleus (Smith et al., 1999; Stirnimann et al., 2010; Wang et al.,
2014). The core sequence of this family of pospiviroid-sRNA candidates
is composed of 15 nt core (5′-CUUUUUCUCUAUCUU-3′) derived from
the lower P domain of the (+) sense polarity of the following viroid ge-
nomes: PSTVd (nt 295–309), MPVd (nt 294–308), CLVd (nt 304–318),
CEVd (nt 308–322), TASVd (nt 294–308), TCDVd (nt 296–310) and
TPMVd (nt 293–307) (Supplementary Table S3). Our in silico analysis
predicted that the most stable RNA:RNA duplex corresponds to the
TPMVd-sRNA with an mfe of −33.2 kcal/mol between the sRNA and
the host mRNA host. The identiﬁedWD40-repeat protein is highly con-
served between Arabidopsis (At3g21540) and tomato (SGN_U563134)
genomes (Fig. S2). Comparative protein sequence analysis using the
ClustalW Omega interface of the Phytozome JGI Comparative Genomic
Portal revealed a conserved amino acid sequence in those genes with
an overall conserved protein identity of ~99%.
3.3. Validation of Pospiviroid-sRNA targeting of the WD40-Repeat gene in
tomato
3.3.1. In silico predicted vd-sRNAs derived from the pathogenicity domain
accumulate during infection
To explore the possibility that the vd-sRNAs predicted to target the
SolWD40-Repeat gene are present in the small RNA pool of sequences
isolated from viroid infected plants, we re-analyzed a previously report-
ed deep sequencing database derived from PSTVd infection of tomato
cv. Moneymaker (Wang et al., 2011). Of 265 reads of (+) PSTVd-
sRNAs containing the core conserved sequence previously described
(5′-CUUUUUCUCUAUCUU-3′), sRNAs from viroid-infected plants were
represented by sRNAs of 22 nt (41%) and 21 nt (23%) in length. These
data showed that the P domain is indeed a prominent source of vd-
sRNA biogenesis and conﬁrmed the in vivo existence of the computa-
tional predicted regulatory sequence (data not shown).3.3.2. Tomato SolWD40-Repeat mRNA is targeted by pospiviroid-sRNAs for
sequence speciﬁc-degradation
The SolWD40-Repeat gene of tomato was selected for further exper-
imental validation analysis in TPMVd-infected tomato plants primarily
for two reasons — the most stable RNA:RNA duplex corresponds to
the TPMVd-sRNA containing the 15 nt core sequence described above,
and TPMVd exhibits the most severe symptoms in tomato, including
dramatic stunting, leaf epinasty and veinal necrosis in a susceptible cul-
tivar (S. lycopersicum cv. Rutgers (Fig. 2A)). Real-time quantitative RT-
PCR (qRT-PCR) was performed on total RNA extracted from TPMVd-
infected and non-infected mock-inoculated control plants at a late in-
fection phase (sixweeks post-inoculation; 6w.p.i.), when plants usually
show strong symptoms and high viroid concentrations. qRT-PCR analy-
sis performed in 6 w.p.i. whole plantlets showed decreased expression
for SolWD40-Repeat as compared to mock-inoculated controls
(Fig. 2B). Although these results revealed a link between SolWD40-Re-
peat expression and viroid infection, the possible involvement of vd-
sRNAs remained to be conﬁrmed.
To provide experimental evidence for the role of sRNA-directed nu-
clease cleavage by the predicted TPMVd-sRNA in the down-regulation
of SolWD40-Repeat transcripts, RNA ligase-mediated rapid ampliﬁcation
of 5′ cDNA end (5′ RLM-RACE) PCR experiments, using total RNA ex-
tracted from leaves of TPMVd-infected tomato plants, was performed
to map the cleavage site. The 5′ terminus of the mapped cleavage site
was 10 nucleotides from the 5′ terminus of the predicted vd-sRNA bind-
ing site in 11/15 clones sequenced (Fig. 2C and D). While the predicted
complementarity of the vd-sRNA to the Arabidopsis At3g21540 was
greater than that predicted on the tomato homolog, cleavage was not
impaired. It has been demonstrated that siRNA cleavage occurs at posi-
tions centered in themiddle of a fully complementary siRNA-target RNA
duplex, although several studies have shown that non-central mis-
matches do not signiﬁcantly affect the efﬁciency of cleavage and that
base-pairing 5′ to the cleavage site may be more critical than 3′ to the
cleavage site (Kasschau et al., 2003; Leuschner et al., 2006; Llave et al.,
2002; Rana, 2007; Zamore et al., 2001b; Zhang et al., 2014). Our data
conﬁrmed that replication of a pospiviroid species, in tomato, in this
particular instance TPMVd, contributed to the down-regulation of the
SolWD40-RepeatmRNA by an RNA silencing mechanism involving the
in silico predicted vd-sRNA. In addition, our results showed that puta-
tive vd-sRNAs targeting Arabidopsis mRNAs could lead to identiﬁcation
of interactions among vd-sRNAs and their host plant genome.
4. Conclusions
We have performed a bioinformatics comparison of the Arabidopsis
genome to a collection of viroid sequences and identiﬁed over 600 se-
quence hits between the viroid genome and the Arabidopsis genome
with potential target binding sites of 19–21 nt in length. These potential
target sites provide a platform to explore possible evolutionarily con-
served interactions between vd-sRNAs and conserved genes that are
down-regulated during viroid infection. This approach proved to be
useful in the identiﬁcation of a tomato gene that contains sequence ho-
mologies with segments of the viroid genome. This gene, SolWD40-re-
peat, and its Arabidopsis homolog, are involved in RNA methylation,
mRNA export from the nucleus, and protein import into the nucleus.
The expression of this gene ismodiﬁedduring TPMVd infection of toma-
to plants. Our results suggest that SolWD40-repeat is likely to be down-
regulated through the action of a highly conserved pospiviroid-derived
sRNA derived from the lower strand of the pathogenicity domain of
seven species infecting tomato; the in silico predicted vd-sRNAs were
conﬁrmed to target a speciﬁc sequence of the host mRNA for cleavage.
Plant WD-40 repeat proteins have been reported to play a role in signal
transduction, histone modiﬁcations, tolerance to abiotic stress, plant
growth, and pollen viability (Kong et al., 2014; Kumar et al., 2013;
Mascheretti et al., 2013). The role of down-regulation of the SolWD40-
repeat gene in viroid symptomatology remains to be determined.
Fig. 2. Validation of SolWD40-Repeat gene as a target of the predicted pospiviroid-sRNA in tomato. (A) Mock-inoculated control and TPMVd-infected tomato plants at late infection stage (6 w.p.i.). (B) qRT PCR of SolWD40-Repeat gene expression in
TPMVd infected plants 6 w.p.i. as compared to mock inoculated plants; gene expression fold changes are relative to mock-inoculated controls to which a value of 1 was assigned (indicated by arrows). EF-1 elongation factor and Actin1 genes were
used as an internal reference. Error bars indicate two times the value of SD for the corresponding data sets. Down-regulation of the gene is statistically signiﬁcant (p b 0.05). (C) Location of the region in the lower strand of the P domain in TPMVd
genome fromwhich the vd-sRNA was derived; P and V domains are indicated by boxes. (D) RNA:RNA duplex between the predicted vd-sRNA and the Arabidopsis target, and TPMVd-sRNA:mRNA duplex with SolWD40-Repeat; the RLM-RACE pre-
dicted cleavage site (11 of 15 clones) is indicated in the coding region of the SolWD40-Repeat gene. The location of primer a (WDR) and primer b (WDR nested GSP) is indicated by arrows. The gel inset shows the ampliﬁcation of unique fragment of
the SolWD40-Repeat gene by RLM-RACE in infected (lane 2) but not uninfected (lane 1) tissue using primer b and the 5′ RACE inner primer. M = Hyperladder II (Bioline USA Inc., Taunton, MA).
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204 K. Avina-Padilla et al. / Gene 564 (2015) 197–205In many cases, our predicted vd-sRNAs mapped to particular viroid
regions, indicating possible preferences for the location of sRNA biogen-
esis. Many of the potential targets displayed sequence complementarity
to the upper and lower strand of the P domain of the viroid genome.
Since this domain is particularly variable in its sequence and associated
disease phenotype, its transcriptional activity could be also related to
different degrees of symptom severity as a possible effector of viroid
pathogenicity.
Our approach offers possibilities for identifying target genes in other
natural hosts, and supports global initiatives to unravel the network of
genes responsible for characteristic phenotypes in viroid-infected
plants. Genome sequencing of additional viroid hosts and the discovery
of new viroids promise to facilitate the elucidation of conserved vd-
sRNA-dependent gene regulation during host–pathogen interactions,
and the predictive ﬁndings in Arabidopsismay be applicable to other vi-
roid/host combinations.
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